Objectives The goals of this study were to determine the role of organic cation transporter 3 (OCT3) in the pharmacological action of metformin and to identify and functionally characterize genetic variants of OCT3 with respect to the uptake of metformin and monoamines.
Methods For pharmacological studies, we evaluated metformin-induced activation of AMP-activated protein kinase, a molecular target of metformin. We used quantitative PCR and immunostaining to localize the transporter and isotopic uptake studies in cells transfected with OCT3 and its nonsynonymous genetic variants for functional analyses.
Results Quantitative PCR and immunostaining showed that OCT3 was expressed high on the plasma membrane of skeletal muscle and liver, target tissues for metformin action. Both the OCT inhibitor, cimetidine, and OCT3specific short hairpin RNA significantly reduced the activating effect of metformin on AMP-activated protein kinase. To identify genetic variants in OCT3, we used recent data from the 1000 Genomes and the Pharmacogenomics of Membrane Transporters projects. Six novel missense variants were identified. In functional assays, using various monoamines and metformin, three variants, T44M (c.131C > T), T400I (c.1199C > T) and V423F (c.1267G > T) showed altered substrate specificity. Notably, in cells expressing T400I and V423F, the uptakes of metformin and catecholamines were significantly reduced, but the uptakes of metformin, 1-methyl-4-phenylpyridinium and histamine by T44M were significantly increased more than 50%. Structural modeling suggested that these two variants may be located in the pore lining (T400) or proximal (V423) membrane-spanning helixes.
Conclusion Our study suggests that OCT3 plays a role in the therapeutic action of metformin and that genetic variants of OCT3 may modulate metformin and catecholamine action. Pharmacogenetics and Genomics 00:000-000 c 2010 Wolters Kluwer Health | Lippincott Williams & Wilkins.
Introduction
Organic cation transporters (OCTs) participate in the disposition of a variety of cationic substances including endogenous amines and xenobiotics in tissues, such as liver, kidney, and placenta [1] [2] [3] [4] [5] [6] . In addition to this general function, the OCT family has also been proposed to represent Uptake 2 , a catecholamine removal system found in peripheral tissues with sympathetic innervations [4] . Although OCT1 (SLC22A1) and OCT2 (SLC22A2) seem to be restricted mainly to excretory organs, such as the liver and kidney, OCT3 (SLC22A3) shows a much broader tissue distribution, including skeletal muscle, heart, brain, and placenta. A significant contribution to the handling of organic cations at the periphery was confirmed recently in mice in which the Oct3/Slc22a3 gene was disrupted. These mice showed impaired Uptake 2 activity in brain, heart, and in embryos [3, 7] . A recent study indicates that OCT3 is critical in the physiological compensation of serotonin transport in the brain of knockout mice of the serotonin transporter [8] . Several genome-wide association studies have linked OCT3 to the risk loci for coronary artery disease and prostate cancer [9] [10] [11] .
Metformin is first-line therapy for the treatment of type 2 diabetes and is among the most widely prescribed drugs in the US [12] . Earlier studies suggest that OCTs, OCT1 and OCT2, play a critical role in the disposition and response to metformin and that genetic variants of these transporters are associated with variation in pharmacokinetics and antidiabetic activity of the drug [6, [13] [14] [15] ]. MATE1 has also been shown to play a role in metformin Supplemental digital content is available for this article. Direct URL citations appear in the printed text and are provided in the HTML and PDF versions of this article on the journal's Website (www.pharmacogeneticsandgenomics.com).
disposition [14, 16, 17] . To date, however, there have been few studies on the role of OCT3 in metformin uptake and activity [18] . Furthermore, there have been no reports of the effects of genetic variants of OCT3 on metformin uptake, disposition, or pharmacologic action. However, functionally significant genetic variants of OCT3 in the coding and proximal promoter have been identified [19, 20] and associated with human disease. In particular, in a case-control study of 84 Caucasian children and adolescents with obsessive-compulsive disorder, a nonsynonymous variant of OCT3, M370I, which had a 40% decline of transport capacity for norepinephrine and a genetic variant in the promoter region g.-81G > delGA of OCT3, which shows increased luciferase activity, were associated with obsessive-compulsive disorder [19] .
In this study, we first determined that OCT3 modulated the pharmacologic action of metformin on its target, AMP-activated protein kinase (AMPK), and showed that the transporter was highly expressed in the skeletal muscle, one of the major sites of metformin action. Following these studies, we comprehensively examined the coding region of OCT3 using data from the 1000 Genomes Project and direct sequencing of a large DNA sample (n = 247) from ethnically diverse healthy volunteers to identify all OCT3 nonsynonymous (missense) variants. We then assessed the functional significance of these nonsynonymous variants by investigating their transport function, expression, and subcellular localization, and analyzed the effects of the variants on OCT3 structure-function relationships by structural modeling. We discovered several natural missense variants with significant functional effects. In particular, the uptake of metformin and catecholamine were modulated by several of the variants. On the basis of its tissue expression pattern, our studies suggest that OCT3 may play a role in skeletal muscle as one of the determinants of the pharmacologic effect of metformin [21] .
Methods

Chemicals
All radiolabeled chemicals were purchased from American Radiolabeled Chemicals Incorporation (St Louis, Michigan, USA) or PerkinElmer (Boston, Massachusetts, USA). The specific activity of each radiolabeled chemical was: 
Determination of mRNA expression level in tissues and cells
Total RNA from various human tissues or cell lines was purchased from Clontech (Palo Alto, California, USA) or ScienCell Research Laboratories (Carlsbad, California, USA) and reverse-transcribed PCR was used Superscript III Reverse Transcriptase (Invitrogen) according to the manufacturer's protocols. The resulting cDNA was used as template for quantitative real-time PCR (RT-PCR) using TaqMan Gene Expression Assays for human transporter OCT1 (assay ID: Hs00427550_m1), OCT2 (assay ID: Hs00533907_m1), OCT3 (assay ID: Hs01009568_m1), and human glyceraldehyde-3-phosphate dehydrogenase (assay ID: Hs99999905_m1). Quantitative RT-PCR was carried out in 96-well reaction plates in a volume of 10 ml using the TaqMan Fast Universal Master Mix (Applied Biosystems, Foster City, California, USA). Reactions were run on the Applied Biosystems 7500 Fast Real-Time PCR System with the following profile: 951C for 20 s followed by 40 cycles of 951C for 3 s, and 601C for 30 s. The relative expression of each mRNA was calculated by the comparative method (DDC t method). First, the DC t values for each sample were obtained by subtracting the C t value of glyceraldehyde-3-phosphate dehydrogenase mRNA from the C t value of the target mRNA. Then, the DDC t values for each sample were obtained by subtracting the highest DC t value obtained for the sample (which in this case is sample 'OCT2 in smooth muscle') from the DC t value of each sample. The mRNA expression reported as relative difference was calculated using the arithmetic formula 2 -DDCt (ABI Prism 7700 Sequence Detection system User Bulletin No. 2, P/N 4303859). For validation of short hairpin RNA (shRNA) inhibition of OCT3 expression in human primary muscle cells by electrophoresis, specific RT-PCR primers (forward: 5 0 -CAGCAGACAGGTATGGCAGG-3 0 and reverse: 5 0 -GGAAGATCACAAACACAGGGAAGT-3 0 ) were used. bactin was used as control.
Metformin treatment in skeletal muscle cells
Human primary skeletal muscle cells from Lonza (Walkersville, Maryland, USA) were cultured in the F-10 medium, supplemented with penicillin (100 U/ml), streptomycin (100 mg/ml), 20% fetal bovine serum (Invitrogen), and 2.5 ng/ml basic fibroblast growth factor (Sigma). Cells were grown in collagen-coated 10 cm plates. Before treatment, cells at 70% confluency were adapted with serum-free medium with basic fibroblast growth factor for 24 h [22] . For the cimetidine inhibition study, cells were treated for 2 h in reduced serum medium Opti-MEM (Invitrogen) as follows: control without any treatment, but solvent dimethyl sulfoxide (10 ml), metformin only (1.5 mmol/l), cimetidine only (1 mmol/l), and metformin (1.5 mmol/l) plus cimetidine (1 mmol/l). For the OCT3 specific shRNA inhibition study, the HuSH 29mer shRNA constructs against SLC22A3 in plasmid green fluorescent protein (pGFP)-V-RS vector (Catalog No. TG301651) was purchased from Origene (Rockville, Maryland, USA). Cells were transfected for 24 h with transfection mixture following the manufacturer's manual [lipofectamine 2000 with empty pGFP-V-RS (4 mg) or pGFP-V-RS-shRNA (4 mg) in the 6-well plate, respectively]. Cells were treated for 6 h as follows in Opti-MEM medium: control with empty pGFP-V-RS, metformin only (1.5 mmol/l) plus empty pGFP-V-RS, shRNA only (4 mg), and metformin (1.5 mmol/l) plus shRNA. After 2 h treatment, cells were rinsed three times in cold PBS and then harvested by a cell harvester (BD Bioscience, San Jose, California, USA) in 2 ml cold PBS. Cold PBS was removed after centrifuging at 500g for 5 min. Cell pellets were subject to the western blotting assay.
Western blotting and immunostaining
Cultured cells or human liver tissue (Asterand, Detroit, Michigan, USA) were lysed using a tissue homogenizer at 41C for 20 min in the radioimmunoprecipitation assay buffer (Sigma) with the protease inhibitors dissolved from complete protease inhibitor cocktail tablet (Roche Applied Science, Palo Alto, California, USA). After centrifugation for 20 min at 16 100g at 41C, the supernatants were removed for the determination of protein content and separated on 10% SDS-polyacrylamide gel electrophoresis gels. About 40 mg of proteins from the supernatant were separated and transferred to polyvinylidene fluoride membrane. The membranes were blocked overnight at 41C with Tris-buffered saline with 0.05% Tween 20 and 5% nonfat milk. Immunoblotting was performed following standard procedures, and the signals were detected by chemiluminescence reagents (GE healthcare, New Jersey, USA). Primary antibodies were directed against: AMPKa (1 : 1000), AMPKa phosphorylated at Thr172 (1 : 500), GFP (1 : 2000), b-actin (1 : 2000) and Na + /K + ATPase (1 : 1000) (Cell Signaling Technology, Danvers, Massachusetts, USA), and hOCT3 (1 : 1000) (GenWay, San Diego, California, USA). For the quantification of western blot bands, the ImageJ method was used, which was downloaded from http://rsb.info.nih.gov/ij/index.html. The quantification method followed the manual of the software. Each band from anti-hOCT3 was also normalized to its loading control anti-Na + /K + ATPase. For the immunostaining of tissue section, paraffin-embedded normal human tissue slides were purchased from IMGENEX (San Diego, California, USA). Following the supplier's protocol, slides were placed in a rack and the following washes were performed: (i) xylene: 2 Â 3 min, (ii) xylene: 1 : 1 with 100% ethanol: 3 min, (iii) 100% ethanol: 2 Â 3 min, (iv) 95% ethanol: 3 min, (v) 70% ethanol: 3 min, (vi) 50% ethanol: 3 min, (vii) running cold tap water to rinse. Before antibody application, sections were steamed in 0.01 mol/l citric acid buffer (pH 6.0) for 15 min then cooled in 1 Â PBS for 15 min at room temperature. Sections were blocked in 10% lamb serum and 0.5% triton-X100 for 45 min then incubated in rabbit anti-OCT3 (1 : 100) (GenWay) for 1 h or overnight at 41C. After antibody incubation, sections were washed in PBS then incubated for 1 h in Alexafluor 488 goat anti-rabbit (1 : 500) (Invitrogen) then placed on coverslips. Immunofluorescent images were captured using a Retiga CCDcooled camera and associated QCapture Pro software (QImaging, Surrey, BC Canada).
Identification of OCT3 genetic variants
OCT3 variants were identified by direct sequencing of genomic DNA as described earlier from DNA samples collected from an ethnically diverse population of 247 individuals (100 African-Americans, 100 European-Americans, 30 Asian-Americans, 10 Mexican-Americans, and seven Pacific Islanders). The study protocol was reviewed and approved by the Committee on the Human Research at UCSF. The reference cDNA sequence of OCT3 was obtained from GenBank (http://www.ncbi.nlm.nih.gov, accession number NM_021977.2). Primers were designed manually to span the exons and 50-200 bp of flanking intronic sequence per exon. The primer sequences can be found at http://www.pharmgkb.org. The sequencing data of 1000 Genomes Project were obtained from http:// pharmacogenetics.ucsf.edu/, which combined the sequencing data from the Pharmacogenetics of Membrane Transporters Database and the 1000 Genomes Project. 1000 genome data is from the 2009_02 release of Pilot 1 data for three ethnic groups (CEU, Caucasians in Utah; JPT/ CHB, Japanese in Tokyo, and Chinese in Beijing; YRI, Yoruba in Ibadan in Nigeria), which is based on human build 36.3.
Construction of genetic variants of OCT3
Human OCT3 cDNA (GenBank accession number NM_021977) was cloned from human prostate cDNA library and then subcloned into the mammalian expression vector pcDNA5/FRT or modified GFP-tagged pcDNA5/FRT at C-terminus to obtain OCT3 reference (wildtype) or GFP-OCT3, which corresponds to the highfrequency amino-acid sequence in all ethnic groups. The reference sequence clone was used as the template for mutagenesis. Variant cDNA clones were constructed by site-directed mutagenesis of the reference clone using Pfu Turbo DNA polymerase (Invitrogen). Sequences of variant cDNA clones were confirmed by direct sequencing, and the full cDNA of each variant was sequenced to verify that only the intended mutation was introduced.
Culture Facility), supplemented with penicillin (100 U/ ml), streptomycin (100 mg/ml), and 10% fetal bovine serum. For all of the reference and variants of OCT3, detailed functional studies were performed using stably transfected Flp-In-293 cells generated according to the manufacturer's protocol (Invitrogen).
All substrates were labeled with 3 H except TEA and metformin, which were labeled with 14 C. 14 C labeled metformin and TEA had a concentration of 35 mmol/l. Time-course studies were performed to verify the linear range uptake of each substrate. Later a 1-min uptake was performed with each compound except metformin for which the uptake was determined at 5 min. Data are shown as mean ± standard deviation from three repeated experiments and each experiment was performed in triplicate. Results are expressed as the percent of activity of the OCT3 reference. Transport of radiolabeled substrates was tested in at least three separate experiments for all variants. Kinetics studies were performed with varying concentrations of unlabeled substrates added to the uptake buffer. Initial rates of uptake (V), expressed as pmol/min/mg protein, were fit to the equation
is the substrate concentration, and V max and K m are the Michaelis-Menten kinetic parameters.
Green fluorescent protein fusion constructs
To visualize subcellular localization of OCT3 variants, variant cDNA constructs were subcloned in frame with GFP at the C-terminus of the pcDNA5/FRT expression vector [23] . For the colocalization study, the Image-iT LIVE Plasma Membrane and Nuclear Labeling Kit (Invitrogen) was used with red fluorescent Alexa Fluor 594 wheat germ agglutinin to specifically label the plasma membrane. Cells, plated on poly-D-lysine-coated glass coverslips (BD Biosciences, San Diego, California, USA) were visualized using a Retiga CCD-cooled camera and associated QCapture Pro software (QImaging).
Biotinylation of the cell surface
The biotinylation of the HEK cell surface proteins was performed with the Pierce Cell Surface Protein Isolation Kit (Pierce). Briefly, each of the HEK cells from 10 cm 2 culture plates was biotinylated with 10 ml sulfo-NHS-SSbiotin solution in PBS. Plates were placed in a rocking platform or orbital shaker and gently agitated for 30 min at 41C. Reactions were stopped by adding quench solution. The cells were scraped from the plate bottom in 10 ml of PBS containing 490 mmol/l oxidized glutathione. The cells were pelleted and lysed for 30 min on ice with 1 ml of radioimmunoprecipitation assay lysis buffer with protease inhibitor cocktails (Sigma). The cell lysate was cleared by centrifugation (16 100g, 10 min). About 500 ml of clarified cell lysate was added to NeutrAvidin Agarose slurry. (Pierce, Rockford, Illinois, USA) Unbound proteins were removed by washing buffers. Captured proteins were eluted from streptavidin sepharose by incubation with 400 ml SDS-polyacrylamide gel electrophoresis sample buffer with 50 mmol/l dithiothreitol for 60 min on an end-over-end rotator at room temperature. Samples were eluted by centrifuging for 2 min at 1000g. The eluted samples were subject to immunoblotting assays.
Structural modeling
We created two different models for OCT3 ( Fig. S3 , Supplemental digital content 1, http://links.lww.com/FPC/ A210). The coordinates of the first model ( Fig. S3a and b , Supplemental digital content 1, http://links.lww.com/FPC/ A210) were downloaded from MODBASE [24] , a database of annotated comparative protein structure models. Briefly, models in MODBASE were calculated by MODPIPE, an automated system for comparative protein structure modeling [24] relying on various modules of MODELLER [25] . Each model in MODBASE is predicted to have the correct fold based on a composite score calculated from the coverage of the modeled sequence, sequence identity with the template, the fraction of gaps in the alignment, the compactness of the model, and several statistical potential scores [24] . This OCT3 model ( Fig. S3a and b, Supplemental digital content 1, http://links.lww.com/FPC/A210) was based on the crystal structure of the glycerol-3-phosphate transporter from Escherichia coli (GlpT, PDB identifier 1PW4) [26] . Although the sequence similarity between the template structure and OCT3 is not high (i.e. 18% sequence identity), we verified the fold of the model using a variety of additional fold assignment methods such as Phyre [27] ; this method ranked 1PW4 as their top hit. Furthermore, they agreed on the alignment in the region that included Thr400. The model was assessed by Z-DOPE, which is a normalized atomic distance-dependent statistical potential based on known protein structures [28] . The Z-DOPE Score of the model was -1.08, where a score lower than -1 indicates a 'reliable' model (i.e. 80% of its Ca atoms are within 3.5 Å of their correct positions). The second OCT3 model ( Fig. S3c and d , Supplemental digital content 1, http://links.lww.com/FPC/ A210) was based on the crystal structure of lactose permease (LacY) from E. coli (PDB identifier 2CFQ) [29, 30] . Hundred models were generated based on a comprehensive alignment between LacY and OCTs from various organisms [30] using the standard 'automodel' routine of MODELLER [25] . The models were then assessed using Z-DOPE, where the score of the highestranked model was 0.59. Although such a score generally does not indicate a reliable model, this model is based on a reliable alignment that was verified experimentally for the rOCT1 model [30] ; in addition, our scoring scheme was developed for globular proteins and is less reliable for assessing membrane proteins. For the multiple sequence alignment ( Fig. 6a ), sequences of representative OCT3 homologs were downloaded from NCBI in June 2009. Their multiple sequence alignment was obtained by MUSCLE [31] , and visualized using Jalview (University of Dundee, Dundee, Scotland, UK). The aligned residues were colored based on their type (using the 'Clustlx' color scheme in Jalview) and their level of conservation (the more conserved the residue in a given position, the stronger is the color).
Statistical analysis
Data are expressed as mean ± the standard deviation. For statistical analysis, multiple comparisons were analyzed using one-way analysis of variance followed by Dunnett's two-tailed test. OCT3 reference was the basis for comparison unless stated otherwise. The data were analyzed using GraphPad Prism 4.0 (GraphPad Software Inc., La Jolla, California, USA). A P value less than 0.05 was considered statistically significant.
Results
OCT3 tissue expression pattern and immunostaining
We screened 44 tissues for the expression level of OCT3 mRNA transcripts (Fig. 1S , Supplemental digital content 2, http://links.lww.com/FPC/A211). Among them, prostate had the highest expression level consistent with an earlier report [32] . Other major OCT3 expression sites were cardiac myocytes, skeletal muscle, placenta, uterus, liver, adrenal gland, salivary gland, and appendix. The rest of the tissues showed modest or low-expression compared with the above sites. Notably, cardiac myocytes was a new tissue type identified with high OCT3 expression. To elucidate the biological and pharmacological role of OCT3 relative to its paralogs, we compared the expression level of hOCT1-3 in various tissues using qRT-PCR ( Fig. 1a ). As expected, OCT1 was highly expressed in the liver whereas OCT2 was mainly expressed in the kidney and slightly detectable or undetectable in the skeletal muscle, liver, and smooth muscle. In contrast, OCT3 was much higher than OCT1/2 in muscle tissues, especially in skeletal muscle. Immunostaining showed that OCT3 expression was strong at the plasma membrane of skeletal muscle and heart (Fig. 1b) . In kidney and liver, immunostaining indicated the presence of OCT3 in proximal tubules and on the sinusoidal membrane of the hepatocytes, respectively. Western blotting also showed that OCT3 antibody was very specific without cross activity with OCT1/2 (Fig. 1c) ; that is, a single band around 60 kD was detected only in HEK-OCT3, but not in HEK-OCT1/2. These data suggest that OCT3 plays a role in the disposition of endogenous monoamines and drugs in liver, kidney, skeletal muscle, and heart.
Effect of metformin on AMP-activated protein kinase in skeletal muscle cells
Metformin activates AMPK in the liver and skeletal muscle, which results in lower plasma glucose levels and increased rates of synthesis of glycogen [21, 33, 34] . To explore the role of OCT3 in the action of metformin in the skeletal muscle, we performed an AMPK activation study with metformin ( Fig. 2) . Adult primary human muscle cells grown in culture were treated with metformin in the presence or absence of the OCT inhibitor, cimetidine, and the phosphorylation of AMPK a2 Thr172 was measured. Without the OCT inhibitor, cimetidine, metformin significantly increased the phosphorylation of AMPK a2 Thr172 as compared with control cells without treatment. When metformin was applied along with cimetidine, AMPK phosphorylation level was similar to the control cells (without treatment) ( Fig. 2a and b) . As cimetidine is a general inhibitor of OCTs, OCT3 specific shRNA was applied to silence the specific expression of OCT3 in the muscle cells. The coapplication of metformin and OCT3 shRNA significantly reduced AMPK phosphorylation compared with metformin alone. OCT3 shRNA, however, did not reduce AMPK activation to the same extent as cimetidine, implying that other transporters (e.g. OCT1) may also play a role in the muscle cell uptake of metformin ( Fig. 2a  and b ). The reduction on AMPK phosphorylation by cimetidine and OCT3 specific shRNA were about 80 and 60%, respectively. The knockdown of OCT3 expression by shRNA in human primary muscle cells was validated by RT-PCR ( Fig. 2c and d ). Both the electrophoresis and TaqMan quantitative RT-PCR indicated that the mRNA of OCT3 was substantially silenced by its shRNA. There was only 18% remaining in the shRNA treated sample compared with the one treated with empty vector (Fig. 2d ).
Identification of novel OCT3 variants
In the 247 DNA samples analyzed by direct sequencing, 13 nucleotide substitutions in the survey region of the OCT3 gene, which included the proximal promoter region, the coding region, and 50-200 bp of flanking intronic sequence for each exon were identified. Only two of these variants had been reported earlier. The nucleotide positions and allele frequencies of the variants are shown in Table 1 . Of the 13 variants identified, seven occurred in the coding region, and six were found in the noncoding regions of the sequence interrogated in our screen. Variants in intronic regions mainly occurred in the African-American sample at low-allele frequencies. Only IVS1 ( + 85) and IVS5 ( + 12) were detected at higher frequencies, that is, 14.2 and 10%, respectively. Of the four synonymous variants identified (Table 1) , two were highly polymorphic: R120R (c.360T > C), which was found in all ethnic groups at varying allele frequencies and A411A (c.1233G > A) with an allele frequency of 45% in the Asian sample, and low-allele frequencies in other ethnic groups. A411A (c.1233G > A) might serve as a cryptic splice acceptor site [19, 20] . The three nonsynonymous variants included three amino acid substitutions that occurred at very low-allele frequencies ( Table 1) .
OCT3 missense genetic variants and metformin Chen et al. 5 The time course of the uptakes of a diverse array of known or unknown substrates of OCT3 was examined in cells stably expressing the OCT3 reference ( Fig. 3a) . All the substrate uptakes were time dependent and linear at 1 min or less, which allowed us to determine the kinetic parameters for each substrate. MPP + and histamine had higher turnover rates than other monoamines. (Table 3a) . OCT3 showed highest transport efficiency for histamine among the monoamines. TEA uptake at 5 min (0.32 nmol/mg protein/min) was enhanced approximately 3-fold over empty vector and was not considered a substrate in another report (data not shown) [35] .
The OCT3 genetic variants were studied for their potential differences in uptake of diverse substrates (Fig. 3b) . At 1 min, the uptake of MPP + and histamine were enhanced more than 50% in cells expressing T44M in comparison with cells expressing the OCT3 reference (Fig. 3b) . A116S, L186F, and V388M exhibited a similar function to the reference for all of the substrates tested. T400I and V423F showed an interesting pattern of uptake for the various monoamines. For example, in comparison with cells expressing the reference OCT3, cells expressing T400I and V423F exhibited a greatly reduced uptake of dopamine (15 and 63% of OCT3 reference, respectively, P < 0.01), norepinephrine (41 and 50% of OCT1 reference, respectively, P < 0.01), and epinephrine (52 and 67% of OCT1 reference, respectively, P < 0.01).
Effects of OCT3 and its variants on metformin uptake and kinetics
The accumulation of metformin was time dependent and substantially increased in cells stably transfected with reference OCT3 consistent with Nies et al. [18] (Fig. S2a Table  1S , http://links.lww.com/FPC/A213). Metformin uptake was increased about 60% (*P < 0.001) in cells expressing the T44M variant in comparison with those expressing the reference OCT3 (Fig. 4a ). A116S, L186F, and V388M showed a similar uptake of metformin, whereas the uptake of metformin by T400I and V423F decreased about 80 and 50%, respectively (P < 0.001). Five minutes was selected for kinetic studies as the uptake was in the linear range and the assay was sufficiently sensitive to accurately detect radiolabeled metformin. As shown in Fig. 4b and Table 3b , in cells expressing T44M, metformin exhibited a similar K m (1.15 ± 0.43 vs. 1.09 ± 0.21 mmol/l for the OCT3-reference) and a significantly increased V max (6.43 ± 0.39 vs. 4.72 ± 0.54 nmol/mg protein/min for the OCT3-reference, *P < 0.05) in comparison with cells expressing reference OCT3. Variant A116S, L186F, and V388M showed a similar V max and K m to the reference. The K m values of metformin were significantly increased about 2.5-3.5-fold in cells expressing T400I and V423F in comparison with the reference OCT3 (3.81 ± 0.42 and 2.95 ± 0.21 mmol/l, respectively, P < 0.05), but the V max values were slightly reduced (3.36 ± 0.54 and 3.52 ± 0.53 nmol/mg protein/min, respectively) (Table 3b ). Subcellular localization and expression level of green fluorescent protein-tagged fusion protein HEK293 cells were stably transfected with GFP-tagged OCT3 reference and nonsynonymous variants (T44M, A116S, T400I, and V423F). GFP-Mock (GFP vector only) was located in both the cytoplasm and nucleus, and was not colocalized with the plasma membrane (Fig. 5a ). Fluorescence microscopy showed that the majority of GFP-derived signal of the reference OCT3 was restricted to the plasma membrane and was colocalized with red fluorescent labeled wheat germ agglutinin resulting in an orange color (Fig. 5a ). There was also a small fraction of green fluorescence present in the cytoplasm. None of the variants seemed to affect the subcellular localization of OCT3. A slightly stronger fluorescence signal was detected in the cells expressing GFP-T44M (panel T44M) in comparison with the cells expressing GFP-OCT3 reference. The expression level of GFP-tagged OCT3 and four nonsynonymous variants (T44M, A116S, T400I, and V423F) were further assayed from biotinylated cell plasma membrane with western blotting using GFP antibody. The expression of T44M was increased about 30% above the OCT3 reference. The rest of the variants had a similar expression level on the plasma membrane as the reference OCT3 (Fig. 5b ).
Discussion
The results of this study have important implications for the role of OCT3 in response to the antidiabetic drug, metformin. Metformin is widely used as a first-line therapy for the treatment of type 2 diabetes [33] . The action of metformin seems to be related to its activation (phosphorylation) of the so-called energy sensor, AMPK, which results in suppression of glucagon-stimulated glucose production and enhancement of glucose uptake in muscle and in hepatic cells [21, 37] . In hepatic cells, we earlier showed that the OCT3 paralog, OCT1, is a determinant of metformin activity in the liver, a major site of action of the drug [13] . However, though metformin is known to have action in skeletal muscle [34] , the transporter(s) responsible for metformin uptake and action in skeletal muscle is largely not known. Data in this study suggests that OCT3, which unlike OCT1/2, has a broader expression pattern, is one of the determinants of metformin action in skeletal muscle. First, we confirmed that metformin is substrate of OCT3, which was also recently shown by Nies et al. [18] . Further, our quantitative RT-PCR studies revealed that OCT3 is OCT3 reference  T44M  A116S  L186F  V388M  T400I  V423F Metformin uptake and kinetics in HEK293 cells expressing organic cation transporter 3 (OCT3) and its genetic variants. (a) Metformin uptake in HEK293 cells expressing reference OCT3 and six missense variants. OCT3 reference is used as control for each substrate. *P < 0.001 versus OCT3 reference. (b) Metformin kinetics in HEK293 cells expressing reference OCT3 and six missense variants. Michaelis-Menten parameters were calculated and are shown in Table 3b . expressed at higher levels than OCT1/2 in muscle type tissues like skeletal muscle and heart. Importantly, earlier studies had shown that in skeletal muscle, metformin significantly increased AMPK a2 activity by increasing phosphorylation of AMPK at Thr172 [34] . In this study, we showed that OCT3 is an important determinant of the effects of metformin in skeletal muscle. That is, the effect of metformin on phosphorylation of AMPK in cultured skeletal muscle cells was not only greatly inhibited by cimetidine [38] , but also was substantially inhibited by OCT3 shRNA suggesting that OCT3 plays a major role in the therapeutic action of metformin. Both the RT-PCR and immunostaining showed that OCT3 was expressed at high levels in cardiac myocytes. OCT3 might play an important role for the metformin uptake in heart. The MPP + accumulation in heart of Oct3/ Slc22a3-deficient mice decrease more than 70% [3] and congestive heart failure has been included as a contraindication to metformin therapy [39] . Collectively, our data suggest that OCT3 is an important determinant of the peripheral effects of metformin.
Earlier, we showed that coding region variants of OCT1 play a role in response to metformin by controlling access of the drug to AMPK in the liver [13] . To determine whether genetic variants of OCT3 may also play a role in the action of metformin, we identified and functionally characterized coding region variants of OCT3. Using heterologous expression of amino acid-altering variants of OCT3, we discovered that three of the six variants had significantly altered function with respect to metformin uptake, and other selected endogenous amines, that is, T44M, T400I and V423F. Studies of protein expression and subcellular localization revealed that the amino-acid substitutions, T400I and V423F, did not appreciably affect expression or subcellular localization of these variants, suggesting that the impairment of transport function may result from a disruption in the structure of OCT3. T400 is highly conserved across all the species and V423 is partially conserved in mammalian OCT1 (Fig. 6a) . The T400I and V423F variants showed obvious substrate selectivity with respect to monoamines. In particular, these two variants exhibited a substantial reduction in the transport of metformin and catecholamines in comparison with the other monoamines. The main structural difference among the various monoamines is the hydroxyl group in the phenyl ring, which is only present in the catecholamines (Fig. 6b ). Changing from a threonine to an isoleucine by T400I may disrupt the hydrogen bonding of the catecholamines to the hydroxyl group of threonine. A larger hydrophobic replacement by phenylalanine at V423 could interfere with the hydrophobic interactions between the phenol ring of the catecholamines and V400F. We created two comparative models for OCT3 based on the crystal structures of the glycerol-3-phosphate transporter and the LacY from E. coli (Fig. 3S , Supplemental digital content 1, http:// links.lww.com/FPC/A210) [29, 30] . The templates have similar fold and belong to the Major Facilitator Superfamily. Both models place T400 in the eighth transmembrane helix while V423 is placed in the ninth (LacY, 2CFQ) or tenth (GlpT, 1PW4) transmembrane helix, respectively, in close proximity to the extracellular loop between the ninth and the tenth transmembrane helices. Subcellular localization and expression quantification of green fluorescent protein (GFP)-tagged various organic cation transporter 3 (OCT3). (a) Subcellular localization of GFP-tagged OCT3 reference and four nonsynonymous variants (GFP-T44M, GFP-A116S, GFP-T400I, and GFP-V423F). Various OCT3-GFP fusion constructs were stably expressed in HEK293 cells and visualized by fluorescent microscopy. The nucleus is stained with 4 0 -6-Diamidino-2-phenylindole (blue). The plasma membrane was stained using AlexaFluor 594labeled wheat germ agglutinin (red) for colocalization staining. GFP-OCT3 protein is shown in green. (b) Western blotting assay of GFP-Mock, GFP-tagged OCT3 reference, and four variants above. Mouse monoclonal anti-Na + /K + ATPase served as loading control. The GFP-OCT3 position is around 100 kD shifted from the 60 kD position of OCT3 itself. The bar chart represents the intensity of each band normalized to the Na + /K + ATPase band relative to the GFP-OCT3 reference based on three independent assays.
OCT3 missense genetic variants and metformin Chen et al. 11 This is in agreement with an earlier study describing a comparative model of rOCT1 based on a structure of the LacY from E. coli [30] . Helix 8 is predicted to be one of the helixes (H2, H5, H8, and H11) lining the substratetransporting pore [26] , suggesting that it may interact with substrates of OCT3. However, the possibility that the amino acid residue substitutions may alter the structure of OCT3 and indirectly affect the interaction of substrates with the transporter cannot be excluded. The effect of V423F on the substrate selectivity, which was not among the helixes lining the pore, might be indirect and remain elusive (Fig. 3S , Supplemental digital content 1, http://links.lww.com/FPC/A210). Further information including a high-resolution crystal structure of a mammalian OCT is clearly needed to identify residues involved in the interaction of various substrates with OCTs.
The endogenous role of OCT3 may be versatile because of its role in the uptake of multiple monoamines [8, [40] [41] [42] . The uptake data showed OCT3 especially favors histamine over other monoamines. The discovery of genetic variants with functional changes may have some implications for the regulation of tissue levels of endogenous substrates, such as histamine, epinephrine, serotonin and to the pharmacologic action of the important antidiabetic drug, metformin. The study suggests that in addition to OCT1, OCT2, and MATE1 [6, [14] [15] [16] [17] 36, 43, 44] , OCT3 should be considered as an important candidate gene for the uptake of metformin in muscle type cells and its variation may modulate the response to metformin. Val423 T   T  T  T  T  T  T   T   T  T   T   T   T   T  T  T   T   T  T  T   T 
